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14. ABSTRACT
investigated the synthesis and spectroscopic characterization of a series of platinum acetylide complexes that feature highly n-
conjugated ligands substituted with n-donor or —acceptor moieties. The molecules (numbered 1-4) considered in the present work are
NLO-functionalized analogs of bis(phenylethynyl)bis(bributylphosphine)platinum(II) complexes. Molecule 1 carries two
benzothiazolylfluorene and molecule 2 carries two diphenylaminofluorene substituents bound to the central platinum atom.
Compounds 3 and 4 possess two dihexylaminophenyl substituents at their ends and differ by the number of platinum atoms in the
oligomer “core” (one VS. two in 3 and 4, respectively). The conjugated ligands impart the complexes with effective two-photon
absorption cross sections, while the heavy metal platinum centers give rise to efficient intersystem crossing to afford long lived triplet
states. Photophysical studies demonstrate that one-photon excitation of the chromophores produces and S1 state that is delocalized
across the two conjugated liglands, with weak (excitonic) coupling through the platinum center(s). The S, state is observed by ultrafast
transient absorption and by its characteristic fluorescence. Intersystem crossing occurs rapidly (ki ~ 1011 s™) to produce the T, state,
which is believed to be localized on a single conjugated fluorenyl ligand. The triplet state is strongly absorbing (et > 5 x 10* M'em™)
and it is very long-lived (T > 100 ps). Femtosecond pulses were used to characterize the two-photon absorption properties of the
complexes, and all of the chromophores are relatively efficient two photon absorbers in the visible and near-infrared region of the
spectrum (600 — 800 nm). The complexes exhibit maximum two-photon absorption at a shorter wavelength than 2A for the one-photon
band, consistent with the dominant two photon transition arising from a two-photon-allowed gerade—gerade transition. Nanosecond
transient absorption experiments carried out on several of the complexes with excitation at 803 nm confirm that the long-lived triplet
state can be produced efficiently via a sequence involving two-photon excitation to produce S; followed by intersystem cross to afford
T,.
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To explore the photophysics of platinum acetylide chromophores with strong two-photon absorption cross-sections,
we have investigated the synthesis and spectroscopic characterization of a series of platinum acetylide complexes
that feature highly sz-conjugated ligands substituted with sz-donor or -acceptor moieties. The molecules (numbered
1-4) considered in the present work are analogs of bis(phenylethynyl)bis(tributylphosphine)platinum(ll) complexes.
Molecule 1 carries two alkynyl-benzothiazolylfluorene ligands, and molecule 2 has two alkynyl-diphenylaminofluorene
ligands bound to the central platinum atom. Compounds 3 and 4 possess two dihexylaminophenyl substituents at
their ends and differ by the number of platinum atoms in the oligomer “core” (one vs two in 3 and 4, respectively).
The ligands have strong effective two-photon absorption cross-sections, while the heavy metal platinum centers
give rise to efficient intersystem crossing to long-lived triplet states. Ultrafast transient absorption and emission
spectra demonstrate that one-photon excitation of the chromophores produces an S; state delocalized across the
two conjugated ligands, with weak (excitonic) coupling through the platinum centers. Intersystem crossing occurs
rapidly (ks ~ 10! s71) to produce the T state, which is possibly localized on a single conjugated fluorenyl ligand.
The triplet state is strongly absorbing (err > 5 x 10* M=t cm™2), and it is very long-lived (z > 100 us). Femtosecond
pulses were used to characterize the two-photon absorption properties of the complexes, and all of the chromophores
are relatively efficient two-photon absorbers in the visible and near-infrared region of the spectrum (600—800 nm).
The complexes exhibit maximum two-photon absorption at a shorter wavelength than 24 for the one-photon band,
consistent with the dominant two-photon transition arising from a two-photon-allowed gerade—gerade transition.
Nanosecond transient absorption experiments carried out on several of the complexes with excitation at 803 nm
confirm that the long-lived triplet state can be produced efficiently via a sequence involving two-photon excitation
to produce S;, followed by intersystem crossing to produce T;.

Introduction applications. They are being developed for use in optical
) X .
Interest in two-photon absorbing materials has increaseddata storagé? frequency upconverted lasifig; nonlinear

A, AP . X
within the past decade because of their usefulness in variousphOton'CSG’ microfabricatiort,*® fluorescence imagind,
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and photodynamic therapy . Two-photon absorption (2PA)
of two lower-energy photons results in initiation of the same

photophysical processes as one-photon absorption (1PA) ofparticular,

Rogers et al.

In the literature, there are several examples of Pt acetylides
that exhibit 2PA in the visible or near-IR regions. In
bis((4-phenylethynyl)phenyl)ethynyl)bis-

one high-energy photon. This is advantageous for two (tributylphosphine)platinum(ll) FE2) has a measurable
reasons. First, by using lower-energy photons, a material will intrinsic (femtosecond) 2PA cross-sectian)(of 7 GM at

be protected from photodegradation effects. Second, the720 nm324041The 2PA coefficientf) of this molecule was
quadratic dependence of 2PA on intensity causes photo-first reported at 595 nm to be 0.34 cm/GW, which corre-

chemistry to take place in a small focal region, allowing for
more control in microfabrication and imaging applications.

A generally accepted 2PA material design strategy is to
develop chromophores with large changes in polarization

upon excitatiort? This is achieved through either-Br—A
(donor group-sz-conjugated groupacceptor group), Ba—
D, or A—z—A structural motifs, and many such materials

have been designed, showing remarkable increases in 2P

cross-section¥t2% For many of these chromophores, there
is a large variation in the “effective” 2PA cross-section
obtained by using differing pulse widths. A dramatic

enhancement of this value in the nanosecond, compared t
that in the femtosecond, regime has been repeatedly ob
servec?* This enhanced loss in nonlinear transmission when
using nanosecond pulses is attributed to contributions from

the excited-state absorptiéf® Recently, we confirmed that
this effect in AFx chromophores is indeed caused by
absorption from both the singlet and triplet excited st&tés.
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sponds to 235 GM fo,.2842 The latter measurement was
made using picosecond pulses, which allows for considerable
excited-state absorption from both theeg®d the T excited
states. This would correctly be termed an effective 2PA
cross-section. More recently, a dendron-decorBted series

has been studied and shown to have similar intriogi@lues

at 720 nnt'3 Platinum acetylides substituted with thiophene
roups in place of phenyl groups have also shown a doubling
of the intrinsico, value at 740 nm%4!

In the present investigation, we describe chromophores
(1—4) that have strong 2PA and undergo rapid singtet
triplet intersystem crossing to afford a large triplet excited-
state population. Because the triplet-state lifetime is long

relative to a nanosecond laser pulse, these materials exhibit
enhanced nonlinear absorption resulting from the triplet
triplet absorption. The systems which are the focus of this
investigation incorporate one or more platinum(ll) centers.
Platinum is used because of its large spambit coupling
which gives rise to rapid intersystem crossing and high
effective triplet yields. Shown in Figure 1 are the structures
of the Pt complexe&—4, PE2, and the ligands. Molecule
carries two benzothiazolylfluorene units, and molecRle
carries two diphenylaminofluorene substituents. The design
is based on the well-known Br—D or A—z—A motifs,
yielding materials that have significant near-IR 2PA strength.
Chromophores3 and 4 are based on the same—2—D
concept but include an additional phenyl acetylene group.
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Two-Photon Chromophores
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Figure 1. Chemical structures of platinum containing two-photon absorbing complex&s8, and4, corresponding ligands-L, 2-L, and3-L, andPE2.

2-L

Complex4 contains a PtC=C—phenyC=C—Pt unit in Experimental Section

the “core” of the ollgo_mer. This matena_l was prepargd to Synthesis.Chromophore4 and2 were synthesized at Air Force
explore whether the triplet state properties would be influ- research Laboratory (AFRL), and chromophogeand 4 were
enced by the presence of a central ligand. Each of thesesynthesized at University of Florida (UF). Details on the synthesis
structures is based on a series of oligomeric and polymericof these materials are given in the Supporting Information.
platinum acetylides that we and others have previously General Techniques.Ground state UV-vis absorption spectra
studied but they contain ligands that are designed specifically were measured in 1 cm quartz cuvettes on either a Cary 100 (UF)
to feature large 2PA cross-sectidfs®2 The ligand structures ~ or a Cary 500 (AFRL) spectrophotometer. Corrected steady-state
were developed on the basis of previous work which shows emission spectra were measured using either a Perkin-Elmer model

that very similar chromophores are effective two-photon- =S 50B fluorometer (AFRL) or a SPEX F-112 fluorometer (UF).
absorbing dye&203339 Samples were placed in 1 cm quartz cuvettes, and the optical density

. . . was adjusted to approximately 0.1 at the excitation wavelength.
We show the chromophores depicted in Figure 1 exhibit Time.correlated single-photon counting (Edinburgh Instruments OB

a remarkable increase in the 2PA cross-sectigndver PE2 920 Spectrometer) was used to determine fluorescence lifetimes
mentioned above. We present the photophysical propertieS(AFRL). The samples were pumped using a 70 ps laser diode either
of these materials as shown in the Jablonski diagram inat 401 nm or at 375 nm. Emission was detected on a cooled
Scheme 1 and discuss their structupeoperty relationships microchannel plate PMT. Data was analyzed using a reconvolution
in terms of both 1PA and 2PA properties. The chromophores §oftware package prov@ded by Edinburgh Instruments. Nanosecond
undergo efficient two-photon excitation to the(®r higher) Flme-resolved absorption spe<_:tra at UF were obtained on an
state with red or near-IR photons and then undergo inter- Nstrument that has been previously described that uses the third
. . P . . g . harmonic of a Nd:YAG laser (Spectra Physics GCR-14, 355 nm,
system crossing with near unit quantum yield to the triplet g o
ited state. We sh that. for th terials. the phot 10 ns fwhm, 10 mJ pulsé, 20 mJ cm? irradiation) as excitation
excl _e state. Ve show thal, for es_e materials, the pnoto-g ;e Samples were deoxygenated by bubbling with nitrogen.
physical processes are the same for either one- or two-photon

excitation. (44) Wang, Y. S.; Schanze, K. €hem. Phys1993 176, 305.

3 Inorganic Chemistry, Vol. 46, No. 16, 2007 6485



Scheme 1. Energy Level Diagram and Summary of Spectroscopic
Measurements

S, —_—
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A . X v — T4
t mh T[T
U [Lic . ic
hv |14 : : P
S, v v

aThe chromophore undergoes one-photon excitation from the ground
state (9) to the S state (blue arrow). The excitation can occur by linear,
femtosecond, or nanosecond excitation. Thestate undergoes emissive
decay to the ground state by fluorescengedotted blue arrow) or internal
conversion €, solid blue arrow) or undergoes intersystem crossing to the
T state ¢isc, dotted blue arrow). When a femtosecond pumpobe
experiment is being performed, the probe beam causes ttstag& to
undergo a second one-photon excitation to thestte, along with
observation of intersystem crossing. Two-photon excitation frgnee®
go to either the Sstate or the @ state (red arrow). When a nanosecond
pump-probe experiment is being performed, the intersystem crossing
process occurs within the laser pulse time. Thestate undergoes one-
photon excitation to the Tstate (green arrow) or decays to the ground
state by phosphorescenag, (dotted blue line) or internal conversion(
solid blue line).

Rogers et al.

computer-controlled optical delay (Newport MM4000 250 mm
linear positioning stage) and then focused into a sapphire plate to
generate white light continuum. The white light was then overlapped
with the pump beamnia 2 mmquartz cuvette and coupled into a
CCD detector (Ocean Optics S2000 YVis). Data acquisition was
controlled by software developed by Ultrafast Systems LLC. The
chirp effect on the spectra were within experimental error, so no
chirp corrections were made.

Fluorescence quantum yields were determined using the acti-
nometry method previously describ&lFor 1, 2, 1-L, and 2-L,
quinine sulfate was used as an actinometer with a known fluores-
cence quantum yield of 0.55 in 1.0 N$10,.¢ These samples were
excited at 3301-L and2-L) or 370 nm ( and2) with a matched
optical density of 0.1. The fluorescence quantum yield3farwas
measured relative to Coumarin 30 in &EN where¢ = 0.6747
Emission quantum yields fa& and4 are reported relative to Ru-
(bpy)s in air-saturated water for whiclp = 0.0379, and an
appropriate correction was applied for the difference in refractive
indices of actinometer and sample solvé&nihe triplet molar
absorption coefficients of the four Pt compounds were determined
using relative actinometry. Benzophenone was used as the acti-
nometer with a known molar absorption coefficientAdfs,s,m =
78704 1200 M~ cm~! and a triplet quantum yield @b = 1.04950
Matched optical densities of 0.8 &f 2, 3, 4, and benzophenone at
355 nm were used in each determination. While the o.d. is higher
than normally used with a right-angle geometry, inner filter effects
were avoided by the geometry for the collection of the probe beam
light. Data were obtained at various laser fluence ranges to pinpoint
useful ranges in the data where nonlinear effects were not occurring.
The linear working range was usually-600 «J cnt? for Pt
complexes and up te-4 mJ cnr? for benzophenoneAA at each
energy was determined and then plotted as a function of laser
fluence for both the unknown samples and the benzophenone. The

Nanosecond transient absorption measurements (AFRL) werefo|iowing expression (eq 1) was used to obtai.m,of the sample:

carried out using the third harmonic (355 nm) of a Q-switched Nd:
YAG laser (Quantel Brilliant, pulse width'5 ns). Pulse fluences
of up to 4 mJ cm? at the excitation wavelength were typically

used. A detailed description of the laser flash photolysis apparatus

was published earlief. All samples were deoxygenated by three
successive freezgpump-thaw cycles. Two-photon pumped tran-
sient absorption (AFRL) used the same laser flash photolysis

Ae _ SlOp%am(I)ISCrefAEref
sam SI(:)peefq)ISCsam

@

The quantities slopgnand slopgs are the respective slopeBscret
and®scsamare the known intersystem crossing quantum yields of

apparatus, but the samples were pumped with the idler beam (803bOth the reference and the sample, dngy is the known molar

nm) of a 355 nm optical parametric oscillator (OPO). Color filters

removed the signal beam and residual 355 nm radiation and were
verified. The idler beam was focused into the sample transverse to

the white light probe with an energy of 4 mJ at 803 nm. Samples

were made at concentrations of 0.02 M and degassed by three cycle

of freeze-pump-thaw. The probe was masked at 1 mm by 1 cm
at the front and rear face of the cuvette and imaged onto au625

slit of a monochromator. The probe image could then be translated

across the slit to a point just off the focus of the laser, producing
a transient spectrum.

Ultrafast transient absorption measurements were performe
using a modified version of the femtosecond purppobe U\V—
vis spectrometer described elsewh®rmBriefly, 1 mJ, 100 fs pulses
at 800 nm at 1 kHz repetition rate were obtained from a diode-

pumped Ti:Sapphire regenerative amplifier (Spectra Physics Hur-

absorption coefficient of the benzophenone.

Quantum yields for intersystem crossing were determined at UF
using the method of photoacoustic calorimetry (PAC). Details on
the PAC methods and instrumentns have been previously de-
§cribed5.l Ferrocene was used as a calorimetric reference sample.
Ferrocene releases heat with unit efficiency after excitation. All
samples were degassed with nitrogen for 15 min, and the measure-
ments were taken under a nitrogen atmosphere. The data were taken
at various laser fluences to minimize the nonlinear absorption
effects. The linear laser power range was30 uJ/pulse, and the

dbeam was focused through a 2.0 mm slit. The pressure wave

produced after laser excitation was detected through a piezoelectric
transducer with 1 MHz bandwidth. The amplitude of each wave is
plotted versus laser energy. The ratio of the slopes repreggnts

(46) Demas, J. N.; Croshy, G. A. Phys. Cheml1971, 75, 991.

ricane). The output laser beam was split into pump and probe (85 (47) jones II, G.; Jackson, W. R.; Choi, C.; Bergmark, WJ.Rehys. Chem.

and 15%) by a beam splitter. The pump beam was directed into a

frequency doubler (400 nm) (CSK Super Tripler) and then was

focused into the sample. The probe beam was delayed in a(49)

(45) Nikolaitchik, A. V.; Korth, O.; Rodgers, M. A. dl. Phys. Chem. A
1999 103 7587.
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1985 89, 294.
(48) Thorn, N. B.Chromophore Quencher-Based Luminescence Probes
for DNA; University of Florida: Gainesville, FL, 1995.
Carmichael, I.; Helman, W. P.; Hug, G. I.. Phys. Chem. Ref. Data
1987, 16, 239.
(50) Amand, B.; Bensasson, Rhem. Phys. Lettl975 34, 44.
(51) Walters, K. A.; Schanze, K. Spectrum1998 11, 1.
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Intersystem crossing quantum yield® {c) were obtained from
eq 2.

—_—
—L
(pp)(En) = (B, — E9) + (1 — @jgc — PREg + P5c(Es — ET()Z)

Whereg, is the fraction of the heat produced by the sample relative

to the heat evolved by the reference solutiBg,is the energy that TE e ' b s e

corresponds to excitation wavelength (355 an80.5 kcal),Es is o 10 ., =
the energy of singlet excited-state of the sample, Bnds the s —2L B
energy of triplet excited-state of the sample. Nonradiative decay % =
of T, to §is not considered in this calculation because PAC cannot ; 0.5 g
measure heat release on longer time scales such as tens of 3 £

microseconds (triplet state) because of the 1 MHz frequency 0.0
bandwidth of the transducer. As a control experimebisc of
benzophenone and anthracene were measured using ferrocene as
an actinometer. Thésc of benzophenone and anthracene are 0.96 1.0
and 0.78, respectively. These numbers are withitD% range
compared to the previously reported valu®sc = 1 for ben-
zophenon®-52 and ®\sc = 0.71 for anthracen®. 0.0 i i i i
: 300 350 400 400 500 600 700 800

The laser system for two-photon absorption measurements,
performed at Montana State University, comprised a Ti:sapphire A (nm)
femtosecond oscillator (Coherent Mira 900) pumpgdbbV CW Figurﬁoz\/;/ ] %U?h“e“fligg 9;?]‘:;: (?atatt? 2?]3025’“%”61;932:2 gfbgi‘rr]‘gg";thgg;
freq”fe,“cy'd‘)”b,'ed Nd,:YAG laser (Coherent Vgrdl) and.g 1-kHz ?erri;erature (28C) in a?r-saturatéd l;)enzene'. The right panels (d, e, and f)
repetition rate Ti:sapphire femtosecond regenerative amplifier (Clark are emission spectra obtained upon 330 and 370 nm excitation in benzene
MXR CPA-1000). The pulses from the amplifier were down- at room temperature for the ligands and Pt chromophores, respectively.
converted with an optical parametric amplifier, OPA (Quantronix Samples were either air-saturated (fluorescence) or deoxygenated (phos-
TOPAS), whose output can be continuously tuned from 1100 to phorescence) via three freezegump—thaw cycles. No room-temperature

. . . phosphorescence was observedfdr, 2-L, and3-L.

2200 nm. The second harmonic of signal and idler was used for
two-photon excitation idex = 550—800 and 806-1100 nm regions,
respectively. The OPA output signal pulse energy was-1uD at 650 nm, as a standaf®iTo obtain absolute 2PA spectra in GM
uJ (20-30uJ after frequency doubling of signal ane504J after units, all relative 2PA spectra were calibrated to the known (at 650
frequency doubling of idler), and the pulse duration was 100 fs. nm) absolute cross-section value.
The pulse energy and beam size at the sample &gre= 5—20
uJ andd = 300—-500 um, respectively. Results

The linearly polarized excitation laser beam was slightly focused

with an f = 25 cm cylindrical lens onto the sample solution Details of these findinas are also given in the Supportin
containedm a 1 cmspectroscopic cell and placed 15 cm behind 9 9 PP 9

the lens. A small fraction of the beam was split off by a thin glass Information. A notable structure result for Compouﬁds
plate placed just before the sample and directed to the referencetl@t the angle between the fluorenyl carbaritrogen-
detector (Molectron). The sample fluorescence was collected in Phenyl carbon atoms is120°, showing that the lone pair
frontal geometry with a spherical mirrok £ 50 cm, diameted = of electrons on the nitrogen has?dyybridization, resulting
10 cm) and focused with magnification ratioef. on the entrance  in conjugation with the fluorenyl group and the attached
slit of an imaging grating spectrometer (Jobin Yvon Triax 550). phenyls. The bond length of the acetylene bonded to the
The 2PA spectrum (in relative units) was obtained by tuning the platinum atom is 1.208 0.004 A in compound, but it is
wavelength of OPA and measuring the corresponding intensity of 1 144+ 0.012 A in compoun@. This structural difference
two-photon-excited fluorescence. The wavelength tuning of OPA g ,qqests that there is competition between backbonding from
and. data collection were computer-controlied W'th a Lgbv|ew the platinum to the ligand and electron donation from the
routine. At each wavelength, the fluorescence intensity was . . . . .

ligand to the platinum in the amino-substituted complex.

normalized to the square of the excitation photon flux, measured . L
in the reference channel. To exclude possible artifacts, for example, Ground-State Absorption. Quantitative ground-state

those caused by absorption at wavelengths close to the linear@bSOrption spectra for chromophorgs?, 3, and4, along

absorption, we checked that at each wavelength the fluorescenceVith ligands1-L, 2-L, and3-L are shown in panels a, b,

signal increased as a square of the excitation intensity. and c of Figure 2. Wavelength maxima and molar absorption

Absolute 2PA cross sections were measured using the relativecoefficients are listed in Table 1. Each of the ligands exhibits

fluorescence technique at 650 nm excitafibWe used a bis-  a strongly allowed transitiore(> 4 x 10* M~ cm™2) in the

diphenylamino stilbene solution in DCM, for whieh = 250 GM near UV-region. Upon attachment of the ligands to the

platinum centers in complexds 3, and4, similar, but more

(52) Turro, N. J.Modern Molecular PhotochemistryBenjamin/Cum- intense, absorption bands appear that are red shifted with
mings: Menlo Park, NJ, 1978. ~ ; ; s i

(53) Murov, S. L.; Carmichael, I.; Hug, G. Handbook of Photochemistry Amax A~ 395-400 nm. The extinction coefficients follow the
2nd ed.; Marcel Dekker, Inc.: New York, 1993.

(54) Drobizhev, M.; Stepanenko, Y.; Dzenis, Y.; Karotki, A.; Rebane, A.; (55) Drobizhev, M.; Karotki, A.; Dzenis, Y.; Rebane, A.; Suo, Z.; Spangler,
Taylor, P. N.; Anderson, H. LJ. Phys. Chem. B005 109, 7223. C. W.J. Phys. Chem. R003 107, 7540.

0.54

X-ray crystallography was accomplished féirand 2.
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Table 1. Summary of UV-vis Absorbance and Emission Data in Benzene

Absnad € Flma Es Phna
(nm) (M~tcm hb (nm) (ev)y Dqe (nm) Dy
1 402 147 000 418 3.03 0.0H70.003 565 0.018: 0.002
2 383 129 000 399 3.18 0.0190.002 534 0.041 0.003
3 397 176 000 409 3.08 0.0380.004 563 0.07% 0.005
4 397 192 000 409 3.08 0.03# 0.004 563 0.084= 0.007
1-L 351 55 800 377 3.30 0.692 0.004
2-L 372 35400 399 3.22 0.74#4 0.004
3-L 371 100 000 422 3.14 0.7100.004

a Absorption maximum? Extinction coefficient Fluorescence maximur.S; state energy? Fluorescence quantum yieldPhosphorescence maximum.

9 Phosphorescence quantum yield.
’mw 2 l I-ﬂ 3 l @

ah (670 nm) |
A (840 nm)

-
i —
AR (540 nm)

AA (au)

:7 V
450 500 550 600 650 700 750 450 500 550 600 650 700 750 450 500 550 600 650 700 V50 800
A (nm)

Figure 3. Femtosecond transient absorption spectrd 82 uM), 2 (123 uM), and 3 (26 «M) in air-saturated benzene upon 400 nm excitation. Times

shown are 0 (black), 1.5 (red), 3.4 (cyahonly), 9.0 (green), and 48 ps (blue) after the 100 fs laser pulse. Similar spectral prope&ie®ite observed
for 4. The chirp effect on the spectra were within experimental error, so no chirp corrections were made.

trendse(2) < €(1) < €(3) < €(4) ande(2-L) < ¢(1-L) < complexes both the normalized fluorescence (3580 nm
€(3-L). The parallel trend between the complexes and ligandsrange) and room-temperature phosphorescence-(E3Dnm
gives evidence for thesr* character in the optical transition.  range) under deoxygenated conditions are observed. Room-
The ratioe(complex)/(2(ligand)) measures the conjugation temperature phosphorescence was not observed from the
through the central platinum atom. When the ratio is larger ligands, as would be expected. Fluorescence and phospho-
than 1, there is significant conjugation through the platinum. rescence quantum yields are given in Table 1. The ligands
When the ratio approaches 1, the optical transition hasall have high fluorescence quantum yields which decrease
increased ligand-centeredt* character. The ratio follows by a factor of approximately 30 upon formation of the
the trende(2)/2¢(2-L) > €(1)/2¢(1-L) >1 ~ e(4)/e(3-L) ~ platinum complex. When the fluorescence of the ligands is
€(3)/2¢(3-L). Chromophoresl and 2 show significant compared to that of the Pt complexes, it is interesting to
conjugation through the central platinum atom. The addition note that the spectra @and2-L are identical and that the

of the central diplatinum unit in chromophorg@and4 cause spectra of3, 4, and3-L are also similar. This is not the case
the optical transitions to be more ligand centered. The singlet-for 1 and1-L. The spectra are quite different in shape, and
state energy of the ligands follows the trelfg(3-L) < Es- the fluorescence from compléxis red shifted compared to
(2-L) < Eg(1-L), while that of the platinum complexes that of ligandl-L. The phosphorescence 2fs blue shifted
follows the trendEs(1) < Es(3) ~ Es(4) < Es(2). The compared to that of, 3, and4. Interestingly, the phospho-
magnitude of the red shift upon conversion of ligand to rescence of the latter three overlap almost exactly, indicating
platinum complex follows the trend\Es(1)| > |AEs(2,3,4)]. that the triplet energies in these three complexes are nearly
In each case, the red shift in the metal complexes signalsthe same. Time-correlated single-photon counting (TCSPC)
that there is conjugation through the-Ricetylide units. The  was used to measure the singlet-state lifetimes. For all of
red shift in chromophoré compared to that in ligand-L the platinum complexes, the emission decays well within the
is the largest of the series. This indicates that there is a greatefnstrument response function of less than 50 ps, not providing
extent of conjugation in the Az—A complex1thaninthe  yseful information. The short lifetime of the fluorescence in
D—z—D complexes2 and 3. The absorption spectra &  the Pt complexes is consistent with intersystem crossing
and4 are very similar, with the only notable difference being peing very rapid K. ~ 10°—10' s71).

that the absorption of the platinum diméiis enhanced in Transient Absorption. The femtosecond pumprobe

the UV band at 380 nm. This enhancement is attributed 10 o cpigue was used to measure the S, transient absorption

thbe Ptt:_C=ﬁ—phe_n)f/é:;C=C—Pt unit which is known 10 ghectum of each compound and also to study the fast

a éor_ n t I; regllod. dfinFi 5 h .. dynamics of relaxation. These data are shown in Figure 3
mission. -aneis d, €, ana in Fgure are the emission ¢, 1, 2, and3. We also obtained time-resolved spectra for

spectra of all the chromophores in benzene. For the Pt, . - o 1ot included them because they are nearly

(56) Glusac, K.; Kose, M. E.. Jiang, H.; Schanze, KJSPhys. Chem. 8 identical to those o8. Shown are transient spectra, obtained
2007, 111, 929-940. at various time delays ranging from immediately following
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Table 2. Summary of Transient Absorbance Data in Benzene 1.2 T T T T T T
1 2 3 4 1

Si—Shmad 640 nm 540 nm 640 nm 640 nm — 081

e(M~lcm™h)> 136 600 40 600 107 000 97 000 IE

s (air)® 23+ 10ps 42t4ps 48+ 6 ps 12+ 1ps O 044

T1—Thmad 670 nm 610 nm 670 nm 670 nm -

e(M~tcmbe 64300 30 300 81 000 83 000 =

Disd 0.95+0.02 0.94+0.03 0.92+0.05 0.94+0.01 o 00

77 (air)? 318ns 44 ns 94 ns 99 ns o :

71 (deoxy)' 126us 117us 213us 238us > -0.4-

a Absorption maximum for the:S— S, transition.? Extinction coefficient 3 —
for the § — S, transition.© S, state lifetime.d Absorption maximum for -0.8- —c—3| ]
the T, — T, transition.® Extinction coefficient for the T— T, transition. ] ——3
fIntersystem crossing quantum yieliT; state lifetime in the presence of 12 [=—4

air. " T, state lifetime in deoxygenated sample.

400 500 600 700 800 900 1000
the laser pulse up to 48 ps after the pulse. For each A (nm)
chromophore, we observe biexponential decay kinetics. The
At Figure 4. T,;—T, absorption spectra observed after nanosecond-pulsed 355
lifetimes of the faster decay are 6;|—70._5 @), 4.8+ 0.2 @), nm excitation ofL (5.9 uM). 2 (2.5 /M), 3 (3.0 aM). and4 (1.7 uM) in
25+ 0:3 (©)8 3_-nd 4.2+ 0.2 ps @) _W'th the average fast  geoxygenated benzene. Samples were deoxygenated by the-fperap-
decay time being 4.6 ps. We attribute the faster decay tothaw method. Molar extinction coefficients were obtained by using the

internal conversion from higher singlet states, vibrational Method of relative actinometry.
relaxation, and solvent reorganization about the molecule. Two-Photon Absorption. Two-photon absorption spectra
The slower decay, having an average decay time of 31 ps,are presented in Figure 5. In general, all four compounds
is assigned to intersystem crossing of the relaxed singlet stateshow a similar behavior. One may distinguish three distinct
to the triplet state. The intersystem crossing lifetimes for this spectral regions: long, middle, and short wavelengths. In
process are given in Table 2. A large shift in the transient the long-wavelength regiorex > 850 nm, 2PA gradually
spectrum associated with intersystem crossing is shown indecreases toward long wavelengths. The middle region,
Figure 3 for all materials. Compounds 3, and4 show a around the one-photon absorption peak, has a moderately
25 nm red shift upon conversion to the triplet state. strong 2PA transition. The 2PA maximum almost coincides
Compound 2 has anomalous behavior, with the initial with the corresponding 1PA peak/ak~ 24;pa. In the short
excited-state absorption spectrum showing a 25 nm blue shiftwavelength regiomx = 600-700 nm, a strong isolated 2PA
upon conversion and also an additional peak at 525 nm thatpeak shows up in all cases.
disappears with time. In all cases, there is an isosbestic point, For quantitative comparison of the 2PA strength of our
indicating the intersystem crossing involves interconversion functionalized molecules witf?E2 and other analogs, we
between two species. The transient absorption spectrumcalculated an integrated 2PA strength of the short wavelength
appearing 48 ps after the 100 fs excitation is identical with peak, which can be defined &= o, d(2v), wherev is
that obtained in nanosecond laser flash photolysis experi-the laser frequency in cmi. These values, along with
ments (described below), which confirms its assignment to maximum 2PA cross-sections and spectral widths of the 2PA
triplet—triplet absorption. Further evidence that intersystem transitions,I't, are collected in Table 3. We note here, that
crossing takes place on a timescale<&0 ps can be found  according to definition, the 2PA cross-section obtained with
in TCSPC data. The singlet lifetimes obtained with this the relative fluorescence techniqu is twice that obtained
method were less than 50 ps (i.e., within instrument response)with nonlinear transmission methods suchzasan®?* ¢’
for all materials in air-saturated benzene, which is consistent= 20,. Therefore, for the sake of comparison, Tables 3 and
with the ultrafast transient absorption data. 4 present all the data in terms of. As one can see, both

In the nanosecond transient absorption experiment, thethe maximum value and the integrated strength of 2PA
triplet state is rapidly formed, then decays only slightly within transition is greater for all compounds-4 compared to that
the time scale limit of the ultrafast transient absorption (1.6 of PE2.
ns). The triplet lifetimes obtained with nanosecond laser flash  Table 4 presents nonlinear absorption parameters relevant
photolysis under both air-saturated and deoxygenated condifor higher-order multiphoton processes at a few selected
tions are presented in Table 2. Nanosecond transient absorpwavelengths. The first two columns compare the effective
tion spectra are shown in Figure 4. Chromophdre3 and 2PA cross-sections at 595 and at 720 nm measured in this
4 have maximum peaks at 670 nm, whilds blue shifted work for 1—4 and those obtained in the literature BE2.
with a peak at 610 nm. The maximum molar absorption As one can see, all the compounds studied here greatly
coefficient of 2 is less than one-half of that of the other outperformPE2 at 720 nm and shows, of the same order
chromophores. These values are given in Table 2. The tripletor larger thanPE2 at 595 nm (see more details in Discus-
nature of the excited state was confirmed via oxygen sion). The next three columns of the table include the
guenching. Intersystem crossing quantum yields are listedmaximum triplet-triplet transient absorption cross-section
in Table 2. All compounds undergo intersystem crossing with (recalculated from data in Table 2), the width of the triplet
guantum efficiency near unity, consistent with the short triplet absorption spectrum (Figure 4), and the triplet lifetime
singlet lifetimes. (Table 2). As one can see from Table 4, molecules}
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2PA laser wavelength A, hm 2PA laser wavelength A, M
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Figure 5. Two-photon absorption spectra of compourigst dissolved in benzene at ambient conditions. As described in the Experimental Section, the
samples were excited with 100 fs pulses with = 550-1100 nm. The absolute two-photon absorption cross-sections were measured using the sample
fluorescence relative to a bis-diphenylaminostilbene solution in methylene chloride. This method gives the cross-sectigy wdligh, according to
definition, is twice that obtained with nonlinear absorption technigales< 202).324 One-photon absorption spectra (solid lines) are also shown for comparison.
The bottomx-axis presents transition wavelength (which is equal to 1PA wavelength), and theatdp presents the laser wavelength used for 2PA
excitation.

300 400
Transition wavelength 2., nm

Table 3. Summary of 2PA Properties Two-Photon Pumped Transient Absorption.To confirm

molecule O2mad dapamal e fo2 d(2v) the ability of 1—4 to populate the triplet excited-state via
1 415 649 4910 1.8 08 2PA, a modified laser flash photolysis experiment was used.
2 780 612 3570 2.5 10° The data obtained are shown in Figure 6. The spectra,for
gEle zég'l ggi’ 4322 115; 182 3, and4 are identical to the spectra shown in Figure 4. The
4 480 644 4540 2.6 10° data obtained foR is very noisy, consistent with a triplet
PEl-amind 90.2 495 800  7.22x 10 extinction coefficient less than half of that of the other
EE; 22;6 ig? N40§0% g:gii ig compounds and a small two-photon cross-section at 803 nm

resulting from the blue-shifted two-photon absorption maxi-
mum for this material. These results prove that, regardless
of excitation mode (1PA or 2PA), ultimately, formation of
the triplet excited-state is realized. Lifetimes obtained under
these conditions are significantly shorter than those collected
under one-photon excitation conditions seen in Table 2, as
shown with compoun@ (3.5 vs 213us) and compound

aMaximum 2PA cross-section (GMY.Wavelength of maximum 2PA
cross-section (nmf.fwhm (cnm?). 4 Integrated 2PA intensity (GM cm).
€ Quantum-chemical calculation from NormghPE1 is bis(phenylethy-
nyl)bis(tributylphosphine)platinum(lly.fwhm, assumed valu®. 9 From
McKay.*2

Table 4. Nonlinear Absorption Properties Relevant for Higher-Order
Multiphoton Absorption Processes

022 (595 nm)

0, (720 nm) 01" T (Amay)®

AL

'L'Td

PE2 23%(27 ps,z-scan)

1

2
3
4

absorption cross-section (€prat maximum absorption wavelength (nm).

210 (100 fs, fluo)
720 (100 fs, fluo)
155 (100 fs, fluo)
300 (100 fs, fluo)

a2PA cross-section

7(180 fs,z-scan) 2.2 10°16 (600§ 2009

370 (100 fs, fluo) 2.4 10-16(670)
140 (100 s, fluo) 1.2 10-16(610)
60 (100 fs, fluo)  3.% 10°16(670)
160 (100 fs, fluo) 3.2 10-16(670)

220
250
170
160

42
126
117
213
238

(GM) at designated wavelengffriplet-state

¢ fwhm of triplet-state absorption spectrum (nrfi)riplet-state lifetime of
deoxygenated solutiom$). € Published dat& f Published dat4® 9 Pub-
lished date?®

possess a favorable set of parameters compar@E A
slightly lower 0,77 value for2, compared to that oPE2,
is greatly offset by a much largex value, in addition to a
wider T—T absorption.
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(2.7 vs 238us). The one-photon excitation conditions
involve dilute solutions(1® M), while the two-photon
excitation conditions involve more concentrated solutions
(0.02 M). We believe the decrease in lifetimes to be the result
of a self-quenching mechanism, where an excimer forms
between the excited chromophore and a ground-state chro-
mophore. Self-quenching may contribute to the noisy data
in compound?. This behavior has been observed in a similar
Pt complex at higher concentrations than used in 2PA
experiment’

(57) (a) Connick, W. B.; Geiger, D.; Eisenberg,|IRorg. Chem1999 38,
3264. (b) Slagle, J. E.; Cooper, T. M.; Krein, D. M.; Rogers, J. E;
McLean, D. G.; Urbas, A. M.Chem. Phys. LettSubmitted for
publication.
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difference between the previously studied chromophores and
compoundsl—3 is the presence of the strongly conjugated
units in the acetylide ligands. In particular, it is likely the
high electron affinity of the benzothiazolyl group in com-
poundl introduces intraligand charge-transfer character and
delocalization of the Sstate into the heteroaromatic ring
system. The 4-(dialkylamino)phenylethynyl substituents on
the fluorene ligand in3 and 4 also provide increased
s-conjugation in the Sstate. The excited-state is compara-
tively more localized in2; although the amino substitutent

is electron-donating and may introduce some charge-transfer
character, the excitation is localized primarily on both the
fluorene units and not the diphenyl amino groups, resulting
in a relatively higher energy;State in this complex.

In previous work, we demonstrated that the triplet exciton
of platinum acetylides is localized on a single acetylide
ligand®65°In keeping with this concept, we believe that in
the series of complexek-4 the triplet exciton is confined
to a single ligand. In particular, the triplet energies)(@f
the complexes, reflected by the phosphorescence emission
band maxima, lie at-2.20 eV in1, 3, and4 and at~2.32
eV in 2. As a point of reference, the triplet energy of 9,9-

Figure 6. Examples of T-T, absorption spectra produced by 5 ns, 803 dihexylfluorene is 2.86 eV, and for an oligomer containing
nm pulsed excitation. All samples were prepared at 0.02 M in deoxygenated three 9,9-dihexy|f|uorene repeats, it is 2.25 @VThis

benzene. Deoxygenation was done with three fre@zenp—thaw cycles.

Discussion

Excited State Structure and One-Photon Photophysics.

comparison indicates that the triplet exciton in all of the
complexes is delocalized beyond the fluorene unit, likely
extending into the ethynylene units, as well as into the
additional aromatic ring systems ) 3, and4. Note that

The ground-state absorption spectra qf platinum acetylide e phosphorescence spectr8aind4 are superimposable,
complexes have been shown to be dominated by the allowedyhich underscores the fact that the triplet is localized in the

transition between the HOMO and LUMO levels. The
transition is primarily wz* with metal-to-ligand charge
transfer (MLCT) characté®>® The HOMO of platinum
acetylides typically consists of arbrbital on the platinum
center combined withr-symmetry orbitals on the ligands.
The LUMO is centrosymmetric and is comprised exclusively
of ligand-localizedr* orbitals, p orbitals on the Pt, and no
contribution from dr orbitals on the platinum atom. Given
the highly delocalized nature of these orbitals, it is evident
that the $ state is delocalized through the central platinum.
As shown by the large increase in extinction coefficient when
the free ligand is compared to the complex, thestate in
complexesdl and? is strongly delocalized, while the smaller
change in3 and 4 suggest the Sstate is more ligand

centered.

more highly conjugated fluorenyl ligand system, rather than
being localized in the{Pt—C=C—CgH;—C=C—Pt-] re-

gion of the chromophore, which is known to have a triplet
energy of 2.40 eV? Interestingly, the triplet energy i is
higher than in the other complexes, and this is clearly caused
by the reduced conjugation available in this complex’s ligand
system. Similar behavior is seen in the nanosecond transient
absorption spectra, where compourid$s, and4 have the
same maximum, whil2 has a blue shift, suggesting a smaller
conjugation length in2. From the phosphorescence and
intersystem-crossing to ground-state quantum yields for
compoundsl—4, the average radiative rate constankjs

~ 10 s!, while the average nonradiative intersystem
crossing rate constant igs(T1 — S) ~ 10* st The
nonradiative decay rate constant is similar to published results

A previous study of the homologous series of platinum ghowing a relation between energy gap and decaytate.

acetylides PE1, PE2, PE3, and the analogous set of
butadiynes and ligands gives a relation between end—to-endFi
chromophore length and the singlet enerfgy® Using that
relation and the end-to-end lengths of compoub¢8, we
estimated theiEg values, and in all three cases, the relation
overestimates the experimentad values by 0.10.2 eV.
The largest difference~0.2 eV) is in compoundl. The

(58) Norman, P.; Crostrand, P.; EricssonChem. Phys2002 285 207.
(59) Cooper, T. M.; Krein, D. M.; Burke, A. R.; McLean, D. G.; Rogers,

J. E.; Slagle, J.

(60) Rogers, J. E.; Hall, B. C.; Hufnagle, D. C.; Slagle, J. E.; Ault, A. P.;
McLean, D. G.; Fleitz, P. A.; Cooper, T. M. Chem. Phys2005

122, 214708.

EJ. Phys. Chem. 2006 110, 13370.

The femtosecond transient absorption spectra shown in
gure 3 provide a probe into the intersystem crossing process
in the platinum acetylide chromophores. In all cases, initial
excitation into the FranckCondon $ excited state is
followed by relaxation into the jTstate within 48 ps after
the 100 fs laser pulse. The short singlet-state lifetime in the
Pt complexes is consistent with intersystem crossing being

(61) Wasserberg, S. P.; Dudek, S. P.; Meskers, S. C. J.; Janssen, R. A. J.
Chem. Phys. LetR005 411, 273.

(62) Wilson, J. S.; Chawdrury, N.; Al-Mandhary, M. R. A.; Younis, M.;
Khan, M.; Raithby, P. R. K., A.; Friend, R. H.. Am. Chem. Soc.
2001, 123 9412.
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very rapid. This finding is in accord with the strong spin  the relaxation that takes place on the picosecond time scale
orbit coupling induced by the heavy-metal Pt atom. As involves localization of the excitation into the fluorenyl-
described in recent reviews of femtosecond absorption acetylide chromophore, followed by intersystem crossing to
spectroscopy of transition metal complefe%'the processes  produce the triplet state. Evidence for the contribution of
occurring upon excitation include wave packet migration, the triarylamine portion of the ligand to the Frang&ondon
intersystem crossing, and vibrational and solvent relaxation. state can be found from the X-ray diffraction results 2or
In transition metal complexes, intersystem crossing can bewhere the carbonnitrogen—phenyl bond angle being 120
very rapid because of the strong sporbit coupling induced results in conjugation between the phenyl groups and the
by mixing of the ligand £ and=*) and metal (ck) orbitals. rest of the chromophore.
For example, the triplet state of excited [Ru(bg3/) appears Two-Photon Absorption and Photophysics.The 2PA
within 100 fs% while McCuske#* describes solvent and  properties of some linear platinum acetylides were previously
vibrational relaxation occurring on a picosecond time scale. studied theoretically by Norman et %l.According to
In the ultrafast transient absorption spectra of platinum calculations, both centrosymmetric and noncentrosymmetric
acetylidesl—4, spectroscopic changes are observed that arestructures have a broad set of 2PA-allowed transitions in the
associated with initial excitation, vibrational cooling, solvent visible part of the spectrum. One particularly strong transition
relaxation, and conversion to the relaxegdstate. From the  occurring at an energy higher than the lowest 1PA transition
measured singlet state lifetimes and intersystem crossingdominates. Our data qualitatively reproduces this theoretical
quantum yields, the intersystem crossing rates are in the rangepicture, especially if we consider that 2PA transition
kis(S1 — T1) ~ 101°-10' s71, showing moderately efficient  frequencies obtained from calculations are often higher than
mixing of the § and T, states. This behavior contrasts with observed in the experimefit A significant fact is that the
that of the d metal complex systems (e.g., Ru(bgy), very strong 2PA peak experimentally observed in the region
where the singlettriplet mixing is considerably stronger, A.,= 600—700 nm (see Figure 5) is universal for all four of
and it is not possible to observe a distinct spectroscopic the complexes, and it is not reproduced in the one-photon
signature of a singlet state prior to intersystem crosdigg ( absorption (there are no isolated peaks at-38®0 nm in
> 102 s1). Finally, from the intersystem crossing and 1PA). This 2PA peak can be tentatively assigned to a one-
fluorescence quantum yields, we deduce that the rates ofphoton-forbidden, but two-photon-allowed, geragerade
fluorescence decay and internal conversion are comparabléransition to the § state (Scheme 1). This, in turn, implies
(kn =~ kic = 10° s71). that the absorbing species possesses inversion symmetry and

An interesting point is that the ultrafast transient absorption the Pt atom is involved in the conjugated system. The average
spectra and dynamics observed for compoRiade different Sn state energy is 3.91 eV. Is the, State different from the
than those of compounds, 3, and 4. In particular, the S, state observed by femtosecond punmpobe spectros-
transient spectrum immediately after excitation features bandscopy? The average energy differer&&,) — E(S;) = 0.82
at 525 and 675 nm. On a time scale of approximately 10 ps, eV, while the average energy differeng¢S,) — E(S)) =
the 525 nm peak decays, and the band in the red part of the2.02 eV. This difference shows thg, State is distinct from
spectrum blue shifts to 640 nm, with conversion complete the S, state.
within 30 ps. A possible explanation for this behavior can  All compounds also show a much weaker, but distinct,
be found in a recent study of the ultrafast transient absorption2PA peak aflex = 750—800 nm, which is nearly co-incident
dynamics of a triphenylamine chromophdfén this paper,  with the 1PA maximum. There are two possible explanations
the authors report femtosecond transient absorption spectrao this apparent violation of the alternative selection rule.
of tris-4,4,4"-(4-nitrophenylethynyl)triphenylamine, which  First, both bands may be observed because of a different
initially features bands at 500 and 650 nm, followed by coupling of the electronic transition to non-totally symmetric
spectral evolution and dynamics which are quite similar to vibrations in 1PA and 2PA. The second possibility is that in
those observed fd2. The authors conclude that the spectra solution there are at least two different conformers, at least
arise because of relaxation of a Frar®ondon state thatis  one of them being centrosymmetric, while the others are not.
completely delocalized through ti@-symmetry tripheny-  The first possibility (vibronic coupling) seems less probable
lamine chromophore, which undergoes rapid relaxation into because the observed 2PA band is moderately strodg:
a charge transfer state that is localized on a sirGile ~ 150-300 GM (1 GM=10"%°cm* s) in2 and3 and even
symmetry conjugated unit. In compléX a diphenylamino  stronger 900 GM) in 1. This should imply a non-
chromophore is attached to the fluorenyl group; thus, the realistically large change of permanent dipole moment (5
ligand can be viewed as a fluorenyl-substituted tripheny- 10 D) because of nonsymmetrical vibration. Also, such a
lamine chromophore. It is possible that in the Franck violation of selection rules has not been observed in other
Condon state of this complex the excitation is delocalized one-dimensional centrosymmetric oligo-phenylene-vinylene
on the pseud@s; symmetry triarylamine chromophore, and  family of moleculeg* In noncentrosymmetric conformers,
(63) Vieck, A. Jr.Coord, Chem. Re 2000 200202, 933, Fhe Igrge . change of perman.ent dipole moment can be
(64) McCusker, J. KAcc. Chem. Re2003 36, 876. imagined if, because of breaking of symmetry, a Franck
(65) gancnrilzzo, ‘A'li/l \fr? (l\e/lvsuglﬁeﬁi: Clsr{atwgggbg.a 5293??20, G.; Bressler, Condon excitation is localized on one ligand. Therefore, we
(66) R'aylmalfrrigﬁlﬁa, G.;gBhéskar, A GdodsonJTPHyS. Chem. 2006 tentatively assign the 2PA pea}< near 7&D0 nm to the

110, 20872. presence of noncentrosymmetric conformers.
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It is interesting to note that 1PA spectra of centrosym-
metric and noncentrosymmetric conformers were predicted

assumption finds further confirmation in the recent data of
Vestberg et al., who obtainesh = 7 GM at 720 nm for

to have coinciding transition frequencies and almost the samePE2 by using thez-scan technique and much shorter 180 fs

oscillator strengths (cf. compounddlb andmlic in Table
3 of Norman)2® If our assumption about different conformers
is correct, then 2PA spectroscopy can be uniquely suited for

pulses’® The 2PA cross-section value &E2 at 720 and
595 nm can also deviate because of its substantial dispersion,
but according to McKay et al., the 2PA spectrum is very

distinguishing between these species. On the other hand, theyroad and almost flat in the region of 58690 nmS” With

simultaneous presence of different types of conformers in
the solution suggests that the 2PA strengths which are

all this information taken into account, a reasonable estima-
tion of the intrinsicPE2 2PA cross-section would be several

reported herein and are measured by the fluorescencgens of GM near 595 nm.

technique, reflect perhaps not the true value but rather an
effective weighted average of different conformer cross-
sections.

For simplicity, suppose that there are two types of
conformers: centrosymmetric (conformer 1) and noncen-
trosymmetric (conformer 2). One can show that the two have
an identical fluorescence spectrum, both in shape and in
guantum efficiency (which, according to our preliminary data
seems to be the case for compounds studied here), then th
measured effective 2PA cross-section at each particular
wavelengthley is

Gz(em(lex) = nlaz(l)(/lex) + nzaz(z)(lex) )
where indices 1 and 2 correspond to conformersnd 2
and n; is equal to the mole fraction of thigh conformer,
such that; + n, = 1. Without independent knowledge of
n; values, we cannot estimate separaiglf) ando,?. On
the other hand, if our assignment of the 2PA peaks is correct
and because < 1, each conformer will have an even larger
maximumo, value compared to that presented in Figure 5.

In the series of linear platinum acetylide multiphoton
absorbers,PE2 can be considered to be a convenient
benchmarkbecauseithasbeenstudied rather exteri&i#éhs6773
Staromlynska and co-workers found the 2PA coefficient of
PE2to bef = 0.34 cm/GW at 595 nm in 0.08 M solutigh.

By using the expression

_

0,

whereNp is Avogadro’s number and is the concentration,
this translates to 2PA cross-section equal to 235 GM. Since
this value was obtained with tlrescan technique and 27 ps

Even though our data present only a lower limit and those
of McKay et al. present an upper limit fos, one can clearly
see that all the molecules studied in the present work show
substantially higher 2PA intensity (as presented in the last
column of Table 3) thaPE2. We do not present the data of
Vestberg et al. in Table 3 because theirvalue does not
correspond to 2PA maximum. Moleculdgnd4 possess at
east 1.4 and 2 times, respectively, stronger 2PA, first,

ecause substitution of phenyls with fluorenyls increases
conjugation. Also, they carry symmetrically attached electron-
donating alkylamino groups, which were shown to drastically
increase 2PA because of symmetrical charge transfer in the
first excited staté® For platinum acetylide compounds, this
effect was demonstrated theoretic&flywhere diamino
substitution increased the 2PA strengthRE1 by 5 times
(cf. compound$?El-aminoandPE1in Table 3). It is also
worth comparingPE2 with 1 and 2. While the number of
ethynyl bonds decreases ihand 2, the replacement of
phenylethynyl group at each side BE2 with benzthiaz-
olylfluorenes and diphenylaminofluoreneslimnd2, which
represent strong electron acceptors or donors, repectively,
and also the replacement of phenyl linker with more highly
conjugated fluorene linker results in at least 2 and 3 times
enhancement of integrated 2PA Irand 2, respectively.

Summary and Conclusions

The design of new two-photon absorbing chromophores
coupled with Pt complexes to produce materials that exihibit
large intrinsic 2PA cross-sections, coupled with efficient
intersystem crossing to afford long-lifetime triplet states, has
proven successful in this study. This investigation has
focused on the synthesis and photophysical characterization

pulses, the authors do not exclude an excited-state absorptions 5 series of platinum acetylide complexes that feature

contribution, and thugs, = 235 GM can be considered as
an upper limit for the intrinsic 2PA cross-section. This

(67) McKay, T. J.; Bolger, J. A.; Staromlynska, J.; Davy, JJRChem.
Phys.1998 108 5537.

(68) Staromlynska, J.; McKay, T. J.; Wilson, .Appl. Phys200Q 88,
1726.

(69) McKay, T. J.; Staromlynska, J.; Davy, J. R.; Bolger, J.JAOpt.
Soc. Am. B001, 18, 358.

(70) Cooper, T. M.; McLean, D. G.; Rogers, J.Gem. Phys. Let2001],
349 31.

(71) Cooper, T. M.; Blaudeau, J.-P.; Hall, B. C.; Rogers, J. E.; McLean,
D. G.; Liu, Y.; Toscano, J. -Chem. Phys. LetR004 400 239.

(72) Silverman, E. E.; Cardolaccia, T.; Zhao, X.; Kim, K.-Y.; Haskins-
Glusac, K.; Schanze, K. £oord. Chem. Re 2005 249 1491.

(73) Parola, S.; Ortenblad, M.; Chaput, F.; Desroshes, C.; Miele, P.
Baldeck, P. L.; Malmstrom, E.; Lindgren, M.; Eliasson, B.; Ericksson,
A.; Lopes, C.SPIE Proc.2005 5934 1.
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highly mw-conjugated ligands substituted with-donor or
-acceptor moieties. The conjugated ligands impart the
complexes with effective two-photon absorption properties,
while the heavy-metal platinum centers give rise to efficient
intersystem crossing to afford long-lived triplet states.
Photophysical studies demonstrate that one-photon excitation
of the chromophores produces ainsfate that is delocalized
across the two conjugated ligands, with weak (excitonic)
coupling through the platinum centers. The Sate is
observed by ultrafast transient absorption and by its char-
acteristic fluorescence. Intersystem crossing occurs rapidly
(kisc & 10" s™1) to produce the Tstate, which is believed to

be localized on a single conjugated fluorenyl ligand. The
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triplet state is strongly absorbingrf > 5 x 10* M~1cm™3), D.G.M., F33615-03-D-5408 for D.M.K., and F33615-03-D-
and it is very long-lived € > 100 us). 5421 for J.E.R. and J.E.S. We thank Evgeny Danilov and
Femtosecond pulses were used to characterize the 2PAProf. Michael Rodgers for use and help with the femtosecond
properties of the complexes, and as expected, all of thetransient absorption experiment at the Ohio Laboratory for
chromophores are relatively efficient two-photon absorbers Kinetic Spectrometry located at Bowling Green State Uni-
in the visible and near-infrared region of the spectrum (600 versity. We also thank Dr. Ramamurthi Kannan and Dr.
800 nm). The complexes exhibit maximum 2PA at a shorter Loon-Seng Tan at AFRL/MLBP for providing us with the
wavelength than 2for the 1PA band, consistent with the ligands used for chromophordsand2. Rebane’s group at
dominant 2PA transition arising from a two-photon-allowed Montana State University was supported by AFOSR Grants
gerade-gerade transition. Nanosecond transient absorption FA9550-05-1-0357 and FA9550-05-1-0236. K.S.S. and
experiments carried out on several of the complexes with K.Y.K. acknowledge AFOSR for support by Grant FA-9550-
excitation at 803 nm confirm that the long-lived triplet state 06-1-1084.
can be prO(.juc.ed efficiently via a sequence ,'nVOIVmg wo- Supporting Information Available: Complete synthesis pro-
photon excitation to produce; Sfollowed by intersystem  cqoqyres, analytical data, NMR data, and X-ray crystallographic files
crossing to afford T (CIF) of compoundsl and 2. This material is available free of

Acknowledgment. We are thankful for the support of ~charge via the Internet at http:/pubs.acs.org.

this work by AFRL/ML Contracts F33615-99-C-5415 for I1C700549N

6494 Inorganic Chemistry, Vol. 46, No. 16, 2007 12




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Impact
    /LucidaConsole
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




